The authors report on an alignment layerless ͑AL͒ flexible liquid crystal ͑LC͒ display fabricated at ambient temperature through an imprinting process. One-dimensional microgrooves and two-dimensional arrays of microstructures embossed on plastic substrates provide the spontaneous alignment of the LC molecules and spacers for the uniform cell gap in a flexible LC display, respectively. It is found that the azimuthal anchoring energy, generated from the microgrooves, is on the order of 10 −5 J/m 2 which is strong enough to uniformly align the LC over large area. 2 Accordingly, the plastic substrates are required to be processed at low or ambient temperatures to avoid structural changes of the substrates during the fabrication of flexible displays. Although the liquid crystal display ͑LCD͒ technology is relatively well established for flexible displays, 3,4 compared to organic lightemitting devices 5 and electrophoretic displays, 6 one of the critical problems is to uniformly align the LC on plastic substrates at a low temperature. In the case of glass substrates, a standard LC alignment method involving the baking process of a polyimide ͑PI͒ alignment layer at a temperature over 120°C is widely used. It has been reported that the molecular alignment of organic semiconductors 7, 8 and liquid crystalline materials 9,10 can be obtained at low temperatures. However, such alignment methods are complicated and not suitable for in-line processes. Therefore, new technologies that are simple and applicable at low temperatures need to be developed for practical applications. Moreover, from the scientific viewpoint, anisotropic interactions between the LC molecules and flexible surfaces are important to understand interfacial phenomena of soft matters.
The authors report on an alignment layerless ͑AL͒ flexible liquid crystal ͑LC͒ display fabricated at ambient temperature through an imprinting process. One-dimensional microgrooves and two-dimensional arrays of microstructures embossed on plastic substrates provide the spontaneous alignment of the LC molecules and spacers for the uniform cell gap in a flexible LC display, respectively. It is found that the azimuthal anchoring energy, generated from the microgrooves, is on the order of 10 −5 J/m 2 which is strong enough to uniformly align the LC over large area. Our AL flexible LC display shows symmetric viewing characteristics and stable electro-optic properties under a bent environment. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2364866͔
Recently, flexible displays 1 have been paid much attention for the use under a ubiquitous environment due to their special features such as lighter weight, better portability, and better durability than conventional displays. For flexible displays, typical glass substrates are commonly replaced by plastic or other bendable substrates.
2 Accordingly, the plastic substrates are required to be processed at low or ambient temperatures to avoid structural changes of the substrates during the fabrication of flexible displays. Although the liquid crystal display ͑LCD͒ technology is relatively well established for flexible displays, 3, 4 compared to organic lightemitting devices 5 and electrophoretic displays, 6 one of the critical problems is to uniformly align the LC on plastic substrates at a low temperature. In the case of glass substrates, a standard LC alignment method involving the baking process of a polyimide ͑PI͒ alignment layer at a temperature over 120°C is widely used. It has been reported that the molecular alignment of organic semiconductors 7, 8 and liquid crystalline materials 9, 10 can be obtained at low temperatures. However, such alignment methods are complicated and not suitable for in-line processes. Therefore, new technologies that are simple and applicable at low temperatures need to be developed for practical applications. Moreover, from the scientific viewpoint, anisotropic interactions between the LC molecules and flexible surfaces are important to understand interfacial phenomena of soft matters.
In this work, we demonstrate an alignment layerless ͑AL͒ flexible LCD fabricated at an ambient temperature ͑25°C͒ using bilevel imprinters. This imprinting technique 11, 12 produces one-dimensional microgrooves and two-dimensional arrays of microstructures embossed on plastic substrates for the spontaneous alignment of the LC molecules and the uniform cell gap between the top substrate and the bottom substrate. The strong anchorage of the LC molecules is produced by the microgrooves embossed on the plastic substrates without any surface treatment such as the rubbing process. The azimuthal anchoring energy is found to be on the order of 10 −5 J/m 2 , which is sufficiently strong to produce stable electro-optic ͑EO͒ characteristics and symmetric viewing properties under a bent environment. Our AL flexible LCD shows the contrast ratio of 100:1 and the response time of about 36.6 ms in the normally white mode.
Our concept of spontaneously aligning the LC molecules at an ambient temperature on flexible substrates without using an alignment layer, for instance, the PI layer which involves a baking process at a high temperature of 120°C, is to prepare microgrooves on the plastic substrates by taking the Berreman approach. 13 For producing microgrooves and spacers on the plastic substrates at an ambient temperature, the imprinting technique was employed using two imprinters, one of which is a bilevel imprinter having twodimensional arrays of microstructures for spacers in addition to one-dimensional microgrooves for the LC alignment. Note that compared to the photolithography technique requiring repetitive processes, the imprinting method is a fast, low cost process for the parallel replication of two-dimensional and three-dimensional structures on a micro-and/or nanoscale. Figure 1͑a͒ shows the imprinting process of the microgrooves and spacers onto plastic substrates. The two microstructures were replicated on an ultraviolet ͑UV͒ curable photopolymer layer ͑NOA65, Norland Ltd.͒. Two imprinters, I and II, were fabricated by the replica molding technique.
Imprinter I having bilevel structures was used to produce both microgrooves and spacers. The photopolymer was first spin coated onto two plastic substrates at the spinning rate of 5000 rpm for 300 s, giving the film thickness of 5 m. Using the two imprinters, the embossed microstructures were produced on the photopolymer layers, and they were subsequently irradiated with the UV light for 10 min at an ambient temperature so that the shapes of the embossed microstructures were well preserved. Our approach has two advantages in fabricating flexible LCDs over existing technologies that need an alignment layer. The first is that the azimuthal anchoring energy can be easily tailored by varying the periods ͑ 1 and 2 ͒ and/or amplitudes ͑a 1 and a 2 ͒ of the microgrooves as shown in Fig. 1͑a͒ . According to the Berreman description, 13 the anchoring energy is proportion to a 1 2 / 1 3 ͑or a 2 2 / 2 3 ͒, meaning that different periods and amplitudes, 1 2 and a 1 a 2 , will generate different azimuthal anchoring energies between the top substrate and the bottom substrate. The other is that the viewing characteristics of the LCD are expected to be enhanced by the presence of the microgrooves without an additional process. 14 The pixel dimension and the cell gap are defined by l and h in imprinters, respectively. Our AL flexible LC cell in the twisted nematic ͑TN͒ geometry was composed of two plastic substrates having twodimensional arrays of spacers and one-dimensional microgrooves that were perpendicular to each other as shown in Fig. 1͑b͒ . The images of the microgrooves and spacers observed with a scanning electron microscope ͑SEM͒ were shown in Fig. 1͑b͒ . The geometrical parameters in our flexible LC cell are 1 = 2 =4 m, a 1 = a 2 =1 m, l = 100 m, and h =6 m. The effective cell gap is defined as d = ͑h − a 1 /2͒ + a 2 / 2. The LC material used in this study was ZLI 2293 ͑Merck͒ whose birefringence and dielectric anisotropy are ⌬n = 0.1322 and ⌬⑀ = 10, respectively. The EO measurements were carried out using a light source of a He-Ne laser with the wavelength of 632.8 nm at room temperature. Figure 2 shows microscopic textures of our AL flexible LC cell with embossed microgrooves and spacers in a bright, a gray, and a dark state that were observed with a polarizing optical microscope ͑Optiphot2-Pol, Nikon͒ under crossed polarizers. The optic axis of the polarizer on each substrate coincides with the direction of the microgrooves. In the absence of an applied voltage, a normally white state was obtained in the initial TN configuration as shown in Fig. 2͑a͒ . This indicates that the microgrooves with =4 m and a =1 m, fabricated on the plastic substrates, are capable of uniformly aligning the LC molecules. At a sufficiently high applied voltage ͑20 V͒, the incident light was not transmitted through the LC cell as shown in Fig. 2͑c͒ , and thus a dark state was produced. In an intermediate applied voltage ͑6 V͒, periodic arrays of self-formed microdomains appeared due to the spatial variations of the effective voltage across the LC layer in the presence of the microgrooves 14 as shown in Fig.  2͑b͒ . The appearance of such microdomains leads to the enhancement of the viewing property of our AL flexible LC cell.
We now examine anisotropic surface interactions between the LC molecules and the flexible surfaces with microgrooves in terms of the azimuthal anchoring energy. For measuring the azimuthal anchoring energy, we prepared a TN LC cell having one substrate with microgrooves and the other with a rubbed PI layer. It is assumed that the rubbed PI layer has a very strong anchorage along the rubbing direction which is normal to the microgrooves. For the case that only one surface has the strong anchorage and no chiral dopant is used, the azimuthal anchoring energy can be written as follows:
15 W =2K 2 / d sin 2⌬ with = /2−⌬. Here, K 2 , d, , and ⌬ denote the twist elastic constant, the effective cell gap, the actual twist angle, and the change in the twist angle, respectively. The measured value of ⌬ is 10°F IG. 3. EO transmission and the dynamic response of our AL flexible LC cell: ͑a͒ the normalized EO transmittance as a function of the applied voltage and ͑b͒ the rising and falling times, 10- , where a, , and K represent the amplitude, the period of each microgroove in a sinusoidal shape, and the mean value of the splay and bend elastic constants. In the first-order approximation, the rectangular shape is represented by a lowest harmonic term. The higher harmonic terms contribute to only corrections. Based on the parameters we used for our AL flexible LC cell, the amplitude a =1 m, the period =4 m, and the mean elastic constant K = 15.2ϫ 10 −12 N, the theoretical value of the azimuthal anchoring energy is then predicted as 1.47ϫ 10 −5 J/m 2 . The experimental value is in good agreement with the theoretical prediction. It should be noted that the magnitude of the azimuthal anchoring energy generated by the microgrooves ͑on the order of 10 −5 J/m 2 ͒ is sufficiently strong to uniformly align the LC molecules over large area as shown in Fig. 2 . Figure 3 shows the normalized EO transmittance and the response time of our AL flexible LC cell fabricated at an ambient temperature. As shown in Fig. 3͑a͒ , the EO transmittance begins to decrease at about 4 V and essentially vanishes beyond 20 V in the normally white mode. The threshold voltage of our AL flexible LC cell is somewhat higher than that of a conventional TN cell with the PI alignment layer since a fraction of the applied voltage is present across the UV curable polymer layer with embossed microstructures. The contrast ratio was measured as about 100:1. The dynamic EO response of our LC cell was shown in Fig. 3͑b͒ . The rising and falling times between the normally white state and the dark state, defined as the transition times between 90% and 10% in the EO transmittance, were measured to be r = 10-90 = 68.0 ms and f = 90-10 = 5.1 ms. Note that f is much faster than r because the falling state in the normally white mode is field driven. In Fig. 4 , the measured viewing characteristics of our AL flexible LC cell with the embossed microgrooves were compared to those of a conventional TN cell with two PI alignment layers and the cell gap of 5 m. It is clear that in contrast to the conventional TN case, our AL flexible LC cell shows quite symmetric viewing properties with respect to the axes of the polarizers in the azimuthal direction. This is partly attributed to the arrays of the self-formed microdomains in the field-on state, originated from the microgrooves in the TN geometry, as shown in Fig. 2͑b͒ . In addition, the microundulation of the LC director in the TN geometry contributes to the symmetry enhancement in the field-off state. Note that the contrast ratio of 100:1 in our AL flexible LC cell is lower than that of the conventional TN cell due to light scattering from the microgrooves embossed on the plastic substrate. The index matching between the embossed layer and the plastic substrate would enhance the EO performances of our AL flexible LCD.
Finally, we discuss the mechanical stability and the reproducibility of the EO properties of a prototype of our AL flexible LCD in a direct driving scheme under a bent environment. The prototype LC panel of 2.5 in. in size, showing a logo of "SNU MIPD," was presented in Fig. 5 . In a bent state of Fig. 5͑a͒ , the EO performances were well preserved and reproducible as shown in Fig. 5͑b͒ . The actual curvature for bending in Fig. 5͑a͒ is about 10 cm. The dark state in the background of our prototype LC panel was obtained at the applied voltage of 10 V in the normally white mode in the TN configuration. It should be emphasized that defects observed in certain areas of the panel result from initially less embossed microgrooves during the imprinting process but not from the irreversible deformations of the microstructures in a bent state.
In summary, we presented an alignment layerless flexible TN-LCD with microstructures embossed on a photopolymer layer by an imprinting technique at ambient temperature ͑25°C͒. A single fabrication technology of flexible LCDs required for self-aligning the LC molecules, maintaining the uniform cell gap, and obtaining wide viewing properties was developed using bilevel imprinters. Moreover, the anisotropic surface interactions between the LC molecules and flexible embossed surfaces were well understood in terms of the azimuthal anchoring energy. The azimuthal anchoring energy generated from the microgrooves was found to be strong enough to produce the uniform and mechanically stable LC alignment over large area. This work would have an impact on the roll-to-roll fabrication of flexible LCDs. 
